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a t  Ames Research Center  i s  M r .  Dean M. Ch i se l .  
The s tudy  w a s  conducted by C.  G. Ringwal l ,  
R .  K .  Rose and W .  L .  K e l t z .  
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1 . 0  SUMMARY AND CONCLUSIONS 

This r e p o r t  d e s c r i b e s  r e s u l t s  of a s tudy  t o  determine optimum 
f l u i d i c  implementation of r o l l  c o n t r o l  loops f o r  a t y p i c a l  SPARCS" 
mission. This r e p o r t  s e c t i o n  o u t l i n e s  t h e  func t ions  of t h e  r o l l  
c o n t r o l  loops ,  summarizes t h e  f l u i d i c  implementation, and provides  
recommendations and conclusions.  D e t a i l  d e s c r i p t i o n s  of t h e  
c o n t r o l  loops a r e  provided i n  l a t e r  s e c t i o n s  of t h e  r e p o r t .  

1.1 Backgrotmd - The SPARCS Mission 

During a c q u i s i t i o n  with SPARCS ope ra t ion  three d i s t i n c t  types of 
r o l l  c o n t r o l  are u t i l i z e d ;  v i z .  dur ing  

1. despin 
2.  coarse  a c q u i s i t i o n  
3 .  i n t e rmed ia t e  and f i n e  a c q u i s i t i o n .  

During despin  a r o l l - r a t e  c o n t r o l  desp ins  an i n i t i a l l y  r o l l i n g  
payload (up t o  3 rev /sec)  t o  a ra te  nea r  zero.  The f l u i d i c  despin 
c o n t r o l  can be augmented wi th  a "yo-yo" mechanism, b u t  always some 
o r  a l l  of t h e  despin impulse is provided by t h r u s t  from nozzles .  

I n  t h e  coarse  c o n t r o l  phase,  l a r g e  e r r o r s  i n  p i t c h  and yaw angle  
a r e  qu ick ly  reduced t o  a maximum value  of 1 0  degrees.  During 
coarse  c o n t r o l  a r o l l  c o n t r o l  loop i s  employed t o  maintain r o l l  
r a t e  of t h e  v e h i c l e  t o  very near  z e r o  t o  decouple t h e  p i t c h  and 
yaw c o n t r o l  loops e 

In te rmedia te  a c q u i s i t i o n  occurs  when p i t c h  and yaw e r r o r s  a r e  
reduced below 1 0  degrees.  During in t e rmed ia t e  a c q u i s i t i o n  (and 
f i n e  a c q u i s i t i o n )  a r o l l  p o s i t i o n  loop i s  used t o  provide t h e  
d e s i r e d  f i n a l  a t t i t u d e  of t h e  payload. 

In te rmedia te  and f i n e  a c q u i s i t i o n  d i f f e r  only i n  t h e  maximum 
t h r u s t  va lue  from t h e  r o l l  t h r u s t e r s .  High t h r u s t  va lves  are 
u t i l i z e d  during in t e rmed ia t e  a c q u i s i t i o n  t o  quick ly  (about 4 sec- 
onds) provide  a n e a r - f i n a l  va lue  f o r  r o l l  p o s i t i o n .  This i n t e r v a l  
i s  c h a r a c t e r i z e d  by high angular  a c c e l e r a t i o n  l e v e l s  i n  t h e  r o l l  
a x i s  and low a c c e l e r a t i o n s  i n  p i t c h  and yaw, During f i n e  acqu i s i -  
t i o n  t h e  maximum r o l l  t h r u s t  l e v e l  i s  reduced by a f a c t o r  of 20 
t o  conserve t h r u s t e r  gas (Freon 14)e N o  s a c r i f i c e  i n  performance 
occurs  wi th  t h e  t h r u s t  level change s i n c e  l a r g e  va lues  of acce le r -  
a t i o n  are no longer  needed dur ing  f i n e  a c q u i s i t i o n .  

1 . 2  F l u i d i c  R o l l  Control  Loom 

Figure 1 i l l u s t r a t e s  t h e  i n t e g r a t i o n  of t h e  f l u i d i c  r o l l  c o n t r o l  
loops i n  SPARCS which would u t i l i z e  a f l u i d i c  p ropor t iona l  t h r u s t e r  
t o  modulate t h e  r o l l  (also p i t c h  and yaw) t h r u s t e r s .  The i n t e r -  
f ac ing  l o g i c  r equ i r ed  i s  r e l a t i v e l y  simple and would be implemented 
i n  e l e c t r o n i c s  (with except ion  of t h e  l a t c h i n g  r e l a y  s i g n a l  "L" 

1 
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which i s  d e s c r i b e d  l a t e r  i n  S e c t i o n  2 .0 )  and t h e  e l ec t r i ca l  i n t e r -  
face s i g n a l s  (J, F and G )  are a v a i l a b l e  from t h e  p r e s e n t  c o n t r o l  
system. A d i s c u s s i o n  of t h e  ope ra t ion  of t h e  r e q u i r e d  e l e c t r i c a l  
l o g i c  shown i n  F igu re  1 i s  provided  i n  Appendix 11. 

Figure  2 is  a schematic  i l l u s t r a t i n g  t h e  i n t e r c o n n e c t i o n  of t h e  
r o l l  c o n t r o l  loops.  Each of t h e  loops (desp in ,  r o l l  ra te ,  and 
r o l l  p o s i t i o n )  i s  i n i t i a t e d  wi th  a s o l e n o i d  valve which a p p l i e s  
f l u i d  power t o  the  c o n t r o l  loop. The despin  loop  d r i v e s  desp in  
nozz le s  whi le  t h e  r o l l  ra te  and r o l l  p o s i t i o n  loops  o p e r a t e  t h e  
FPT which i n  t u r n  o p e r a t e s  t h e  r o l l  t h r u s t  nozz le s .  A s i n g l e  
v o r t e x  ra te  s e n s o r  i s  u t i l i z e d  f i rs t  f o r  t h e  despin  loop and l a t e r  
f o r  t h e  r o l l  ra te  loop dur ing  c o a r s e  a c q u i s i t i o n .  Vent f l o w  f r o m  
t h e  desp in  c o n t r o l  i s  c o l l e c t e d  and u t i l i z e d  i n  t h e  desp in  nozz le s  
as shown i n  F igure  2.  A l s o  as shown i n  t h e  i n s e r t  i n  F igu re  2 ,  
p rov i s ion  i s  made f o r  c o l l e c t i n g  t h e  v e n t  f l o w  f r o m  t h e  f l u i d i c  
r o l l  ra te  and r o l l - p o s i t i o n  c o n t r o l  loops.  The g a s  i s  collected 
and exhausted through t h e  vortex v a l v e s  i n  t h e  FPT t o  p reven t  
gene ra t ion  of random t h r u s t s  which would r e s u l t  i f  t h e  v e n t  f low 
were simply dumped overboard. Typ ica l  supply p r e s s u r e s  f o r  the  
va r ious  c o n t r o l  components are l i s t e d  i n  F igu re  1. D e t a i l  d e s c r i p -  
t i o n  of t h e  c i r c u i t  des ign  and performance are desc r ibed  f o r  t h e  
despin c o n t r o l ,  t h e  r o l l  ra te  c o n t r o l  and t h e  r o l l  p o s i t i o n  c o n t r o l  
i n  S e c t i o n s  1 . 0 ,  2 . 0  and 3.0 r e s p e c t i v e l y .  

1. 3 Conclusions and Recommendations 

1. Accuracy of t h e  r o l l  p o s i t i o n  c o n t r o l  exceeds t h a t  r e q u i r e d  
i n  t h e  c u r r e n t  SPARCS system s p e c i f i c a t i o n  (+.l deg) and 
power consumption i s  s m a l l .  I n  most cases The gas  used i n  
t h e  f l u i d i c  senso r s  and computing networks could a l so  be 
used t o  provide r e a c t i o n  c o n t r o l  t o rques .  T h e  primary 
disadvantage of  t h e  f l u i d i c  mechanizat ion l i e s  i n  t h e  need 
t o  e i ther  p h y s i c a l l y  a l i g n  t h e  magnetometer t o  a p r e s e t  
a t t i t u d e  p r i o r  t o  launch (and accep t  t h i s  i n f l e x i b . i l i t y  i n  
launch p l a n s )  o r  employ a mechanical s t e p p i n g  motor t o  
p o s i t i o n  t h e  senso r  as r e q u i r e d .  I f  the  s t e p p i n g  motor 
w e r e  r e q u i r e d ,  t h i s  would n e u t r a l i z e  m o s t  of t h e  b e n e f i t s  
normally acc ru ing  w i t h  the  use  of f l u i d i c  devices  
( r e l i a b i l i t y ,  s i m p l i c i t y ,  e tc )  and it would be d i f f i c u l t  
t o  recommend the  f l u i d i c  system over  t h e  c u r r e n t  SPARCS 
e l e c t r o n i c  r o l l  c o n t r o l .  

2 .  The f l u i d i c  magnetometer, designed as a p a r t  of t h e  r o l l  
p o s i t i o n  c o n t r o l ,  appears  t o  be a novel  des ign  and i s  t h e  
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only means known by t h e  au tho r s  t o  gene ra t e  a magnetic 
heading s i g n a l  w i t h  f l u i d i c  devices. Add i t iona l  a p p l i -  
c a t i o n s  o t h e r  t han  t h e  SPARCS mission could  employ t h i s  
heading r e f e r e n c e ;  e .g . :  

-- Simple a t t i t u d e  ho ld  f o r  a s t r o n a u t s  du r ing  EVA 
miss ions  ( t h e  complexity of the  f l u i d i c  magnetometer 
be ing  s u b s t a n t i a l l y  less t h a n  t h a t  of an a t t i t u d e  
gyro)  - 

-- Emergency heading systems f o r  a i rc raf t  and c e r t a i n  
types  of maneuverable and f l y a b l e  e j e c t i o n  seats 
wherein e lec t r ica l  power i s  e i t h e r  n o t  avai lable  o r  
where a pneumatic o u t p u t ,  a t  a s i g n i f i c a n t  power 
leve l ,  i s  d e s i r e d  f o r  t h e  senso r .  

3. F l u i d i c  implementation of t h e  despin  c o n t r o l  i s  pract ical  
and provides  t h e  needed performance. The combination 
of a f l u i d i c  r a t e  s e n s o r  and despin  c o n t r o l  va lve  could 
be packaged as an i n t e g r a l  u n i t  which can be simply 
i n t e r f a c e d  wi th  t h e  e x i s t i n g  SPARCS c o n t r o l  system. 
The f l u i d i c  desp in  c o n t r o l  i s  a t t rac t ive  s i n c e  it 
e l i m i n a t e s  r e l a t i v e l y  complex e l e c t r o n i c  computation 
for  computing r o l l  rates dur ing  despin .  Because of t h e  
s i m p l i c i t y  of i n t e r f a c i n g  and t h e  i n t e g r a t e d  sensor /va lve  
des ign ,  t h e  desp in  c o n t r o l  could be e a s i l y  and 
economically phased i n t o  t h e  c u r r e n t  SPARCS package. 

4 .  F l u i d i c  implementation of t he  ro l l - ra te  c o n t r o l  a l so  i s  
p r a c t i c a l  and can provide  the  needed performance. U s e  
of t he  f l u i d i c  c o n t r o l  aga in  would e l i m i n a t e  t h e  complex 
e l e c t r o n i c  computation of r o l l  ra te  from t h e  magnetometer 
s i g n a l s .  The power Freon consumption would be a s m a l l  
(less than  6 % )  compared t o  t h a t  needed f o r  t h e  t o t a l  

mission and t h e  c o n t r o l  c i r c u i t r y  could be e a s i l y  i n t e r -  
faced  w i t h  t h e  present -des ign  f l u i d i c  p r o p o r t i o n a l  
t h r u s t e r .  

5 



2 . 0  DESPIN CONTROL 

The func t ion  of t h e  desp in  c o n t r o l  i s  t o  decrease  l a r g e ,  i n i t i a l  
r o l l  rates t o  a va lue  nea r  zero .  F igure  3 i s  a c i r c u i t  diagram of 
t h e  con t ro l .  The vo r t ex  ra te  senso r  and two a m p l i f i e r s  r e c e i v e  
supply p r e s s u r e  from an e l e c t r i c a l l y - o p e r a t e d  so leno id  va lve .  The 
rate senso r ,  a m p l i f i e r s  and a pneumatical ly-operated normally-closed 
l a t ch ing - re l ay  are enc losed  i n  a p re s su re  v e s s e l  which i s  i n i t i a l l y  
main ta ined  by means of o r i f i c e  "A" and proper ly  s i z e d  f l u i d i c  
components a t  about 2500 p s i  f o r  a supply p re s su re  of 5 0 0 0  p s i .  
The p r e s s u r e  r a t i o  ac ross  t h e  sensor  and a m p l i f i e r s  thus  i s  main- 
t a i n e d  a t  about  2 t o  avoid  supersonic  p re s su re  r a t i o s  ac ross  t h e  
f l u i d i c  e lements .  

The ra te  sensor  i s  geometr ica l ly  b i a s e d  by r o t a t i n g  t h e  senso r  
probe so  t h a t  t h e  output  goes through ze ro  a t  a r a t e  of t e n  degrees  
p e r  second as shown i n  F igure  4. Thus a t  zero  r o l l - r a t e  t h e  rate- 
senso r  output  p o l a r i t y  i s  oppos i te  t h e  p o l a r i t y  e x i s t i n g  when the  
v e h i c l e  i s  i n i t i a l l y  r o l l i n g .  

T h e  vor tex  r a t e - senso r  ou tpu t  i s  ampl i f ied  by t h e  f i r s t  of t h e  two 
a m p l i f i e r s  fo l lowing  t h e  sensor  (F igure  3 1 ,  T h e  ou tput  of t h i s  
a m p l i f i e r  is app l i ed  t o  one c o n t r o l  p o r t  of a m p l i f i e r  2 and t h e  
output  of a m p l i f i e r  2 d r i v e s  t h e  bel lows ac tua ted  l a t c h i n g  toggle  
s w i t c h .  

I n  ope ra t ion  high i n i t i a l  r o l l  rates provide  a l a r g e  p o s i t i v e  AP 
ou tpu t  from t h e  vo r t ex  rate sensor .  This  p o l a r i t y  s i g n a l  app l i ed  
t o  a m p l i f i e r  2 a i d s  t h e  b i a s  r e s i s t o r  i n  main ta in ing  a m p l i f i e r  2 
ou tput  s a t u r a t e d  i n  t h e  "+'I p o l a r i t y  and t h e  ou tpu t  i s  simply vented. 
I n  t h i s  s ta te  p res su re  i s  app l i ed  t o  t h e  desp in  t h r u s t e r s  t o  decrease 
r o l l  rate. A s  r o l l  rate passes  through 3.0 deg/sec t h e  ou tpu t  po la r -  
i t y  from t h e  rate senso r  r e v e r s e s  and, as t h e  r o l l  ra te  approaches 
zero,  s i g n a l  p re s su re  P1 a t  a m p l i f i e r  2 i s  l a r g e r  than bias p r e s s u r e  
P2 .  A s  a r e s u l t  t h e  output  from a m p l i f i e r  2 i s  now d i r e c t e d  i n t o  
t h e  l a t c h i n g  r e l a y  which i n t e r r u p t s  flow t o  the despin  nozz les  thus  
ending despin  c o n t r o l .  Operat ing t h e  senso r  i n  t h i s  manner (geomet- 
r i c a l l y  b i a sed )  and us ing  a b i a s  on t h e  output  (second) a m p l i f i e r  
prevents  t h e  p o s s i b i l i t y  of fa lse  s i g n a l s  when t h e  supply p re s su re  
i s  f i r s t  turned  on. (The ra te  sensor  has  a f i n i t e  f i l l  t i m e  and 
for a s h o r t  per iod  of t i m e  w i l l  have ze ro  output  even though it i s  
r o t a t i n g , )  

T h e  desp in  c o n t r o l  i s  opera ted  unregula ted  from t h e  main supply of 
Freon 14 and supply p r e s s u r e  w i l l  drop dur ing  i t s  opera t ion .  Mod- 
erate supply p r e s s u r e  changes w i l l  have l i t t l e  a f f e c t  an despin  
c o n t r o l  ope ra t ion  s i n c e  a l l  t h e  f l u i d i c  devices  inc lud ing  t h e  b i a s  
r e s i s t o r  ope ra t e  t u r b u l e n t ;  i , e .  they  w i l l  obey square  l a w  p re s su re /  
f low r e l a t i o n s h i p s  and thus  p re s su re  r a t io s  should  remain n e a r l y  
cons t an t  as t h e  supply p r e s s u r e  drops,  The g a i n  of a m p l i f i e r  1 and 
a m p l i f i e r  2 w i l l  remain e s s e n t i a l l y  cons t an t  s i n c e  supply/vent  
p re s su re  r a t i o s  are thus  main ta ined  cons t an t .  A proper ly  designed 
sys  t e m  t hus  w i l l  be e s s e n t i a l l y  independent of supply p r e s s u r e  
changes e 
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The vor t ex  r a t e  senso r  and i t s  a s s o c i a t e d  a m p l i f i e r s  r e q u i r e  a 
Freon flow of about  . 0 0 8  lbm/sec and a l l  t h i s  flow i s  u t i l i z e d  t o  
produce u s e f u l  r e a c t i o n  torques  t o  desp in  t h e  v e h i c l e ,  Over 9 0 %  
of r e a c t i o n  torque  i s  supp l i ed  by d i r e c t  f low from t h e  despin  
va lve  through t h e  o r i f i c e  A shown i n  F igure  3 .  For a despin  which 
r e q u i r e s  e i g h t  seconds t o  complete (a very  long despin  t i m e  f o r  a 
t y p i c a l  SPARCS miss ion)  t h e  amount of Freon r equ i r ed  i s  g iven  by: 

= . 0 0 8  - lbm x 8 sec = - 0 6 4  lbm 
'Freon see 

A SPARCS miss ion  should use a t o t a l  of no more than  about  5 .8  lbm 
of Freon. Therefore ,  t h e  amount of Freon r equ i r ed  by t h e  f l u i d i c s  
dur ing  despin  i s  only  .064/5.8 = 1,1 p e r c e n t  of t h e  t o t a l  amount 
allowed f o r  a SPARCS mission.  

The vo r t ex  rate senso r  is  t h e  l a r g e s t  of t h e  f l u i d i c  components. 
A commercially a v a i l a b l e  u n i t  occupies  a space envelope which i s  
6.125 inches  i n  d iameter  by 1.875 inches  h igh .  It  i s  cons t ruc t ed  
from aluminum and weighs t w o  pounds. The f l u i d i c  a m p l i f i e r s  
employed would have a power nozz le  cross s e c t i o n  of . 0 2  x . 0 2  i n .  
R e s t r i c t o r  A must have an area roughly one-half  t h e  equ iva len t  
t h r o a t  area of t h e  desp in  nozz les .  Two nozz le s  wi th  a . 0 6 7  inch  
t h r o a t  d iameter  produce t h e  desp in  couple.  I f  o r i f i c e  A w e r e  s i z e d  
a t  . 0 6 7  inch  d iameter ,  then i t s  area would be h a l f  t h e  t o t a l  nozz le  
t h r o a t  area. I n  a d d i t i o n ,  though, a d ischarge  c o e f f i c i e n t  i n  t h e  
neighborhood of 0 . 7  should be assumed t o  apply t o  o r i f i c e  A. The 
diameter  of o r i f i c e  A then  is:  

D i a  o r i f i c e  A = in = 0.080 inch  
fi 

The despin  c o n t r o l  i s  a t t r a c t i v e  because it e l imina te s  t h e  
necess i ty  f o r  e l e c t r o n i c a l l y  computing r o l l - r a t e  from e lec t r ica l  
magnetometers and sun sensors .  The e l i m i n a t i o n  of t h e  e lec t r ica l  
r o l l  ra te  c i r c u i t r y  could r e s u l t  i n  about  a 2 0 %  r e d u c t i c n  i n  
e l e c t r o n i c s .  
some means must be devised  f o r  c o r r e c t l y  i n t e r p r e t i n g  t h e  magneto- 
m e t e r  s i n u s o i d a l  ou tput .  For example, t h e  s i n e  of a r o l l  angle  
between -90 and +90 degree has  p o s i t i v e  s l o p e , b u t  t h e  s l o p e  i s  
negat ive  i n  t h e  o t h e r  two r o l l  angle  quadrants .  
computation w i l l  take on a p o l a r i t y  which depends on t h e  s lope  of 
t h e  s i n e .  Therefore ,  a p o s i t i o n  c o n t r o l  which i s  ra te  damped and 
der ives  a l l  p o s i t i o n  and ra te  informat ion  from a magnetometer 
s i n u s o i d a l  ou tput  a lone  can only be s tabxe  i n  two of t h e  f o u r  r o l l  - 
angle  quadrants .  Fur ther  e f f o r t  i s  needed t o  r e s o l v e  t h i s  
def ic iency .  

Before e l i m i n a t i n g  t h e  e l e c t r o n i c  r o l l - r a t e  c i r c u i t r y  

A r o l l  r a t e  
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3,O COARSE ACQUISITION (Roll R a t e  Cont ro l )  

The SPARCS coa r se  a c q u i s i t i o n  i s  t h e  c o n t r o l  phase dur ing  which 
l a r g e  p i t c h  and yaw errors are reduced t o  a s m a l l  va lue  ( less than  
t e n  d e g r e e s ) .  During coarse a c q u i s i t i o n  r o l l  r a t e  i s  h e l d  as close 
t o  zero  as i s  p o s s i b l e .  This  r e s u l t s  i n  t h e  decoupl ing of t h e  
p i t c h  and yaw c o n t r o l  p o s i t i o n  loops  which s i m p l i f i e s  t h e  c o n t r o l  
problem 

F igure  5 shows t h e  r o l l  ra te  c o n t r o l  implementation, The loop i s  
se t  up t o  command a ze ro  r o l l  ra te .  T h e  moment a r m  and vehicle 
moment of i n e r t i a  are t y p i c a l  of those  f o r  SPARCS i n s e r t s  launched 
by Aerobee 1 5 0  sounding r o c k e t s .  The f l u i d i c  p r o p o r t i o n a l  t h r u s t e r  
(FPT) i s  s i m i l a r  t o  one b e i n g - b u i l t  f o r  NASA/ARC under c o n t r a c t  

NAS 2-5466 w i t h  t h e  excep t ion  t h a t  t h e  i n p u t  command i s  a d i f f e r -  
e n t i a l  p r e s s u r e  i n s t e a d  of a voltage. The v o r t e x  ra te  s e n s o r  i s  
t h e  s a m e  one cons idered  i n  Sec t ion  2 .0  f o r  desp in  c o n t r o l .  

The vo r t ex  rate senso r  scale factor  a p p l i e s  t o  o p e r a t i o n  on Freon 
1 4  and i s  about  a factor  of t h r e e  greater t h a n  f o r  a i r  o p e r a t i o n  
s i n c e  Freon d e n s i t y  i s  th ree  t i m e s  t h a t  of a i r .  The o p e r a t i o n a l  
a m p l i f i e r  closed-loop g a i n  of 2 0 . 6  i s  a reasonable  va lue  t o  
implement, and it i s  l o w  enough t o  p r e v e n t  t h e  a m p l i f i e r  from 
be ing  t o o  s u s c e p t i b l e  t o  n u l l  o f f s e t s  a t  t h e  i n p u t .  

An open loop g a i n  
t r a n s f e r  f u n c t i o n  

of u n i t y  i n  F igu re  5 produces a closed loop 
g iven  approximately by: 

deg/sec 
PSJ- 

A s  the  equa t ion  shows,the r o l l  ra te  c o n t r o l  response t o  a s m a l l  
s i g n a l  command i s  about  one second. T h i s  appears  adequate  f o r  SPARCS 
coarse c o n t r o l  r o l l - r a t e  c o n t r o l  requirements .  

The f l u i d i c  elements r e q u i r e d  f o r  r o l l  r a t e  c o n t r o l  are t h e  v o r t e x  
ra te  s e n s o r ,  o p e r a t i o n a l  a m p l i f i e r  and t h e  FPT. The FPT provides  
t h e  power f o r  r o l l ,  p i t c h  and yaw c o n t r o l  du r ing  coarse, i n t e r m e d i a t e  
and f i n e  a c q u i s i t i o n s .  I ts  s i z e  should  n o t  be charged a g a i n s t  t h e  
ro l l - ra te  c o n t r o l  p o r t i o n  of coarse a c q u i s i t i o n  because it must 
m e e t  requirements  which are independent of c o n t r o l  s i g n a l  implemen- 
t a t i o n  ( i e , e e  f l u i d i c  o r  e l e c t r o n i c )  The v o r t e x  r a t e  s e n s o r  i s  t h e  
same as t h a t  used f o r  desp in  (Sec t ion  2 . 0 ) .  The re fo re ,  t h e  only  
a d d i t i o n a l  f l u i d i c  device  r e q u i r e d  fo r  r o l l  r a t e  c o n t r o l  i s  t h e  
o p e r a t i o n a l  a m p l i f i e r .  The o p e r a t i o n a l  a m p l i f i e r  space requirement  * 

is about 2,O cubic inches .  
I 
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The flow r e q u i r e d  t o  d r i v e  t h e  vortex r a t e  s e n s o r  and o p e r a t i o n a l  
a m p l i f i e r  i s  estimated t o  be about  t h e  same as f o r  desp in ;  i e e e ,  
.GO8 lbm/sec. This  flow i s  r e q u i r e d  through i n t e r m e d i a t e  c o n t r o l  up 
t o  t h e  t i m e  t h e  f i n e  c o n t r o l  beg ins .  The need f o r  some r o l l  r a t e  
c o n t r o l  du r ing  t h e  r o l l  p o s i t i o n i n g  of t h e  vehicle du r ing  i n t e r m e d i a t e  
a c q u i s i t i o n  i s  caused by t h e  i n a b i l i t y  t o  derive a c c u r a t e  r o l l  r a t e  
informat ion  from t h e  t i m e  d e r i v a t i v e  of  magnetometers. This i s  a 
problem only  f o r  c e r t a i n  magnetometer o r i e n t a t i o n s  which are n o t  
encountered i n  f i n e  a c q u i s i t i o n .  The t o t a l  t i m e  r e q u i r e d  t o  f i n i s h  
t h e  coarse and i n t e r m e d i a t e  a c q u i s i t i o n  phases  should n o t  
exceed 40 seconds.  The re fo re ,  t h e  amount of E'reon r e q u i r e d  i s :  

W = 0.008 l b m  x 40  sec = 0 . 3 2  l b m  
sec 

Assuming, as i n  Sec t ion  2 . 0 ,  t h a t  5.'8 l b m  of Freon can be a p p l i e d  
f o r  an e n t i r e  SPARCS mis s ion ,  t hen  .32/5.8 = 5.5% of t h e  usab le  
Freon i s  r e q u i r e d  f o r  gene ra t ing  r o l l  c o n t r o l  s i g n a l s  i n  d e s p i n ,  
coa r se  and i n t e r m e d i a t e  a c q u i s i t i o n .  This  f l o w  f o r  o p e r a t i o n  of 
the  f l u i d i c  c i r c u i t r y  i s  cap tu red  and vented  through t h e  FPT, t h u s  
impulse i s  obta ined  from t h i s  gas consumption. 
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4.0 ROLL POSITION CONTROL (Intermediate and Fine Acquisition) 

The fluidic roll position control, shown in block diagram form in 
Figure 6 ,  is a relatively conventional control approach, but it 
utilizes all fluidic components to perform the sensing and compen- 
sation thrust-modulation functions. The position loop shown in 
Figure 6 is for fine acquisition. During- intermediate control the 
loop mupt be slightly modified by adding pure rate feedback from a 
rate sensor such-as the one described in Section 3,O. This is 
necessary to overcome possible erroneous rate signals which are 
generated by the pseudo differentiation of the magnetometer output 
by the lead portion of the fluidic compensation, The key component 
in the roll position loop is the magnetometer. Hence, most of the 
effort in this study was directed at this device. 

4.1 Magnetometer 

The function of the fluidic magnetometer is to deliver a differen- 
tial output pressure signal which is proportional to the angle the 
magnetometer makes with the earth's magnetic field. It differs 
from the conventional magnetometer by delivering a pneumatic output 
instead of an electrical output. 

A sketch of the magnetometer is shown in Figure 7 and a schematic 
in Figure 8. The sensing element is an Alnico 5 bar magnet 
mounted on a flexpivot to permit angular displacement &out the 
sensitive axis. A jet pipe attached to the magnet assembly directs 
a jet at two receivers located in the base plate. Angular dis- 
placement of the jet pipe relative to the receivers results in a 
differential pressure-signal which is amplified and applied as a 
nulling torque on the assembly. The fluidic amplification includes 
a signal amplifier, a lead-lag and an output amplifier. The lead- 
lag provides loop stabilization; its operation is described in 
Appendix 111. The output of the magnetometer is the differential 
pressure across the torquing nozzles. 

4.1.1 General Features and Characteristics 

The estimated package size is 1.7 inches long by 1 inch wide and 
3/4 inches high; the weight is 0.1 lb, 
supply air flow of 4 x l o 4  lbm/sec for a 5 psig supply pressure. 
The air volume-flow is given by: 

The assembly requires a 

530°R ' RT - 4 x 
lbm x 639 in-lb x (14e7+5)lb/in2 rn IbmOR P-  Q =  

3 Q = 6.9 in /sec air flow 



' 0  - cnld 
m I 
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Fig. 7 Magnetometer. 
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The power consumption of t h e  magnetometer 

Power = Q p = 6 . 9  i n 3  x (14.7+5) - l b  
i n  2 

- 
sec 

= 135 i n - l b  = 15.3 ( 2 )  
sec w a t t s  

I f  t h e  magnetometer i s  ope ra t ed  on Freon 1 4 ,  d i f f e r e n t  va lues  
r e s u l t  f o r  t h e  m a s s  and volume flows and hence t h e  power consurnp- 
t i o n  i s  a l t e r e d .  The supply p r e s s u r e  and t h e  o r i f i c e  a r e a s  i n  
t h e  magnetometer can be t h e  same f o r  Freon as f o r  a i r  and t h e  
Freon 1 4  mass flow i s  approximately 

t I---- 

Freon 1 4  molecular  weight  88 4x16” - lbm 
‘Freon A i r  molecular  weight  sec 

7 x l g 4  lbm/sec ‘Freon 

Assuming t h a t  Freon 1 4  i s  an i d e a l  g a s ,  t h e  volume flow i s  given by 

R = ‘Freon Freon T = 7x16~ - lbm x 208 i n - l b  530°R 
sec lbmOR (14.7+5) QFreon 

P 
3 

see 
= 3.92 i n  - 

and t h e  power d e l i v e r e d  by t h e  r e g u l a t e d  Freon 1 4  supply i s  

Power = Qp = 3.92 i n 3  x (14,7+5) lb 
i n  

= 77-3  i n - l b  = 8 , 7  watt - - 
2 see sec 

The above expres s ions  reveal t h a t  a h ighe r  molecular-weight gas, such 
as Freon 1 4 ,  o p e r a t e s  t h e  magnetometer w i th  a lower power consump- 
t i o n  even though t h e  mass flow of Freon 1 4  exceeds t h a t  of  a i r .  

Current  SPARCS miss ions  l a s t  t h r e e  hundred seconds and use  Freon 1 4  
t o  power an on-off t h r u s t e r  c o n t r o l  system. The t o t a l  m a s s  of 
Freon 1 4  r e q u i r e d  f o r  a mission (a l lowing  f o r  a reasonzble  r e s e r v e  
of t h i r t y  p e r c e n t  i n  t h e  tank  a t  t h e  end of t h e  miss ion)  i s  4 . 7  l b m .  
The t o t a l  m a s s  of Freon 1 4  r e q u i r e d  t o  o p e r a t e  t h e  magnetometer is - 
given by 

300 sec x 7 x lij4 lb / sec  = 0 . 2 1  lbm 
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4 . 1 - 2  Maanetometer Svstem Analysis  

Figure g shows t h e  coord ina te  system used t o  determine t h e  d i s -  
placement of t h e  magnetometer magnet w i t h  r e s p e c t  t o  both  t h e  
magnetometer frame and t h e  e a r t h ' s  magnetic f i e l d .  The ang le  @ i s  
t h e  r o l l  ang le  which t h e  magnetometer frame makes wi th  t h e  e a r t h ' s  
magnetic f i e l d  and i s  t h e  ang le  which t h e  magnetometer measures,  
The angle  $ r  i s  t h e  angu la r  displacement  of t h e  magnet w i t h  r e s p e c t  
t o  t h e  magnetometer frame. The magnet i s  mounted on a f l e x p i v o t  
which develops a r e s t o r i n g  to rque  g iven  by 

T f l e x p i v o t  = -Kr@r 

= .01 in - lb / rad  = 1.75 x in- lb/deg Kr 

A second to rque  on the magnet i s  caused by the  i n t e r a c t i o n  of t h e  
magnet 's  f l u x  w i t h  t h e  e a r t h ' s  magnetic f i e l d  and i s  i d e n t i f i e d  as 
magnetic t o r q u e . ( l )  The r e l a t i o n  between t h i s  magnetic t o rque  and 
4rn I t h e  angle  from t h e  ear th ' s  magnetic f i e l d  t o  t h e  magnet ' s  a x i s ,  
i s  obta ined  us ing  t h e  geometry i l l u s t r a t e d  i n  F igure  10. 

The couple e x e r t e d  on t h e  magnet i s  F x where t h e  f o r c e ,  F ,  i s  
given 'by 

F = -m H s i n  @m s i n  q ( 7 )  

The to rque ,  T, t hen  becomes 

T = -m H s i n  $,sin q (8 )  

where: 
TI = angle  between sun l i n e  v e c t o r  and ea r th ' s  magnetic f i e l d  
H $5 44 amp/meter ea r th ' s  magnetic f i e l d  
m = pole  s t r e n g t h  i n  u n i t s  of magnetic f l u x  (webers) 
% =  ( 1 . 6  i n )  x .7 = 1 . 1 2  i n  = .0285 meter e q u i v a l e n t  magnet l eng th  

The po le  s t r e n g t h  i s  de f ined  as t h e  magnetic f l u x  a t  t h e  end of t h e  
magnet and i s  given approximately as t h e  product  of t h e  f l u x  
d e n s i t y  of t h e  magnet w i th  t h e  magnet ' s  f a c e  area,, The magnet 
characteristics cons idered  f o r  t h e  magnetometer are t h a t  of an 
Alnico 5 c y l i n d e r  0,25 inches  i n  d iameter  by 1-6 i nches  long,  An 
Alnico 5 magnet can be magnetized t o  a f l u x  d e n s i t y  of 1.25 webers 
p e r  square  meter, Therefore ,  t h e  p o l e  s t r e n g t h  of  t h e  magr,et i s  
given by 

I Franc i s  Weston Sears, Addison-Wesley 
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D i r e c t i o n  of e a r t h ' s  
magnet ic  f i e l d .  

Axis of magnetometer 
frame . 

Pig, 9 Magnetometer Coordinate System. 
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m = p o l e  s t r e n g t h  

Hs inq  component of e a r t h ' s  
m magnet ic  f i e l d  i n  t h e  p l a n e  

F which t h e  magnet i s  f r e e  t o  
r o t a t e .  

Fig. 10 Schematic for  Electro -Mechanical Interactions. 
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2 
meter = 3.96~15~ webers m = BA = 1.25 webers x 71 (.25)2 in2 Y 

1548 ~ in2 (9 1 ---T meter 

Substituting numerical values into (8) provides an estimate of the 
magnetic torque for the magnet under consideration; i,e. 

T = mHLm~in4sinq=(3.96x165 webers x 44amp x,e0285meter)>sin@sinq 
meter 
-5 

T = 4.96x1b5sin4sinq weber amp = 4.96~10 sin4ri;inq newton-meter 

or equivalently 

T = -4.39 x lG4 sin@sinq in-lb 

The incremental change in the magnetic torque with roll angel, @ ,  
is an important value in the control analysis. This value is given 
by 

where a delta, 6, indicates an increment in the variable 

- ” = 4.39 x lb4 cos$ sinq in-lb 
radian Km - ZJ 

The maximum value of Km is 4.39 x lG4 in-lb/radian and occurs if 
4 = 0 and q = 90 degrees. For other values of 4 and q ,  the mag- 
nitude of Km decreases. For q less than zero the sin is negative 
and Km is negative which,in some cases, can cause instability which 
also occurs in the present electronic magnetometer. This condition 
is avoided by selected launch times to provide faborable sun 
position. 

In addition to the flexpivot restoring-torque and the magnetic 
torque a third restoring torque is applied to the magnet by the 
fluidic circuit and here is identified as the nulling torque. The 
nulling torque is caused by a differential pressure applied to an 
area, A,, at a distance, Lc, from the pivot, For the Alnico 5 
magnet being considered the area and length are: 

L~ = 0.5 in 

-4 3 LcAc = 1.57 x 10 in 
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The moment of inertia of the cylindrical magnet is I, and is 
computed as follows : 

Im = Mm (13) 

2 Mm = 2,05 x lb2 lbm = 5.33 x 16' lb-sec 
7 in 

Then : 

2 2 
= 1.22~18~ in-Eb sec = 5.33~15~ lb-see 

__1 in =m 

The gain of the jet pipe, which drives the first stage of the 
fluidic circuitry, is computed as follows: assume a relative jet- 
pipe displacement of 0.010 inch from null is sufficient to drive 
the output of the first amplifier into a saturation of 0.5 psie 
If the jet pipe is at the end of 1.6 inch Alnico 5 magnetp then the 
angle $r which corresponds to a 0.010 inch displacement is: 

Since this angle drives the first amplifier output to 0.5 psi, the 
jet pipe gain is approximately 

K % -  0.5 psi - - 0,5 psi = 40 psi 
1 4r 1 2 5 ~ 1 5 ~  radian radian 

With a11 the torques which are applied to the magnet determined 
and the moment of inertia of the nagnet identified, a small- 
signal block diagram of the magnetometer can be drawn. This is 
shown in Figure 11 where a delta, 6, denotes an incremental value 
of the variables, All torques sum at the input to the magnet; 
these torques divided by the moment of inerfia of the magnet 
produce an inertial angular acceleration, 64mm The double integra- 
tion of the- inertial acceleration produces the inertial angle &$me 
This angle, 6$m, times K, produces the magnetic restoring torque, 
6-r. The roll angle of the magnetometer frameS 6 $ 1 ~  subtracted from 
64, fs the relative displacement, 64,. The flexpivot restoring 
torque is equal to the relative disp%aceramt times Kr. The relative 
displacement is also sensed by the jet pipe-receiver assembly and 
converted by fluidic amplifiers to a differential pressure, 6P.  The - 
differential signal pressure, 6P,  times LcAc becomes the nulling 
torque. 
the loop contains a double integration, 

The lead network is necessary to stabilize the loop sin'ce 

-2 2 
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The behavior  of 6P vs 8 4  i s  fundamental r e l a t i o n s h i p  which i s  of 
primary i n t e r e s t .  The smal l - s igna l  block diagram of Figure 5 can 
be reduced t o  t h e  form i n  Figure 10. As shown, t h e  open loop phase 
l a g  w i l l  n o t  excerid 180  degrees  u n l e s s  t h e  va lue  of IrnI1 i s  less 
than un i ty .  For va lues  of "n" less than u n i t y  though, t h e  compen- 
s a t i o n  becomes a lag'lead r a t h e r  t han  a l e a d  network. Therefore ,  
t h e  c losed  loop of Figure11 w i l l  always be s t a b l e  i f  a l e a d  compen- 
s a t i o n  network i s  used. I n  r e a l i t y  h ighe r  o r d e r  l a g s  always are 
p resen t  i n  a system so t h e r e  w i l l  be  some frequency a t  which t h e  
open loop phase l a g  exceeds 1 8 0  degrees  f o r  n g r e a t e r  than  u n i t y .  
The ga in  a t  t h a t  f requency must n o t  exceed u n i t y  i f  t h e  loop i s  t o  
be s t a b l e .  

Values from equat ions  (6), (111, ( 1 2 ) ,  (131, and ( 1 4 )  when sub- 
s t i t u t e d  i n  t h e  s m a l l  s i g n a l  block diagram (Figure 1 2 ) r e s u l t s  i n  
t h e  diagram shown i n  Figure 13. The r a t i o  of t h e  l a g  t o  t h e  l e a d  
break frequency i n  t h e  l e a d  network i s  t e n ,  a r e a d i l y  a t t a i n a b l e  
va lue .  The geometr ic  mean of t h e  l e a d  and l a g  f requencies  i n  t h e  
l ead  network where maximum phase l e a d  occurs  i s  about  28 .6  r ad ians /  
second, t h e  frequency where t h e  open loop ga in  becomes i n f i n i t y .  
I n  r e a l i t y  t h e  ga in  a t  t h i s  p o i n t  w i l l  be f i n i t e  because some 
damping i s  always p r e s e n t  and t h e  phase l a g  remains less than  
1 8 0  degrees  as a r e s u l t  of t h e  compensating e f f e c t  of t h e  l ead  
network. The r equ i r ed  ga in  of t h e  a m p l i f i e r s  fol lowing t h e  j e t  
p ipe  a m p l i f i e r  i s  e s t a b l i s h e d  a t  16 .6  p s i d  pe r  p s id .  This va lue  
can be e a s i l y  developed by t w 6  f l u i d i c  a m p l i f i e r s  and provides  a 
low-frequency open-loop ga in  of t e n .  

4 . 1 . 3  Magnetometer Closed Loop Performance 

The magnetometer c losed-loop performance has been c a l c u l a t e d  f o r  
t h r e e  d i f f e r e n t  va lues  of cos4sinq. The c losed  loop behavior  i s  
based on t h e  block diagram va lues  shown i n  F igure  13. For con- 
venience here t h e  s c a l e  f a c t o r  i s  expressed i n  ps id*  pe r  degree 
i n s t e a d  of p s i d  pe r  r ad ian .  The r e s u l t s  a r e :  

For cos$sinq = 1 . 0  (e .g .  4 = 0 deg; rl = 9 0  deg) 

BP - . 0 4 4 4  7 * 7 5 L  p s i d  v s  2 ( .  1 4 )  S S2 deg 
+ 286 + 0 2  

2 * 
d i f f e r e n t i a l  p re s su re  in - ( lB? in  ) 
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For cos4sinq = 0,5 (e.g. 4 = 45 deg; q = 45 deg) 

6P -,0222 Psid 
S2 Gj- v 2(.139)S 

+ 289 + ,02 

For cos4sinq = 0.0301 (e.g. 4 = 80 deg; 11 = 10 deg) 

psid 
(1 + s2 1 

6P -.00134 .2332 v -  2 (.137) S S2 deg 
+ 293 + -m2 

The primary source of noise in the magnetometer is in the jet pipe 
and the fluidic compensation. The spectral density of this noise 
was estimated from previous noise 'tests at'G.E. Using standard 
control techniques these noise sources can'be combined and moved 
outside the magnetometer loop. The resulting 'spectral density has 
a value of 1'154 dega/Hz. If the magnetometer is used 'in a position 
control laop whose low pass bandwidth is 1 Hz, then the rms 
position uncertainty is 0.01 deg which is adequate for a SPARCS 
miss ion. 

Equations (15) I (16) and (17) show the scale factor and second- 
order lead break-frequency to change substantially with cos4sinn 
(i.e. with the spatial position of the magnetometer). The ratio 
of the change in the scale factor is nearly identical with the 
change in the second-order lead break frequency. Variations in 
these values are of concern when the magnetometer is employed as 
a component in a ccntrol loop. The denominator of the closed loop 
transfer function (Eq. 15, 16, 17) is a lightly-damped, second- 
order term which does not change significantly with the spatial 
position. The natural frequency is about 289 radians per second 
(46 Hz) and although the damping ratio is low (B .139) I good 
closed-loop performance can be obtained as discussed in paragraph 
4.2. 

Loop stability could be much easier achieved if the second-order 
lead were far beyond the loop crossover frequency, The lead-break 
can be made to occur at a higher frequency but at a great sacrifice 
in magnetometer sensitivity as shown as follows. The second-order . 
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break frequency i n  equat ions  (151, (16) I and (17) i s  

Second-order break frequency = Km - 
m I 

I f  t h e  form f a c t o r  of t h e  magnet i s  c o n s t a n t ,  then  t h e  moment of 
i n e r t i a ,  I,, i s  p ropor t iona l  t o  t h e  l eng th  r a i s e d  t o  t h e  f i f t h  
power. The magnetic s p r i n g  c o n s t a n t ,  Km, i s  p ropor t iona l  t o  l eng th  
t i m e s  po le  s t r e n g t h .  With a cons t an t  form-factor ,  t h e  pole  
s t r e n g t h  changes a$ t h e  square of t he  l eng th  and Km changes a s  t h e  
cube of t h e  length .  Therefore ,  t h e  n e t  change i n  t h e  second-order 
l ead  wi th  l eng th  i s  p r o p o r t i o n a l  t o  t h e  r e c i p r o c a l  of t h e  l e n g t h ,  
That i s ,  ha lv ing  the magnet 's  l ength  w i l l  double the second-order 
l ead  frequency. S e n s i t i v i t y  i s  s a c r i f i c e d  however s i n c e ,  f o r  a 
f i x e d  form f a c t o r ,  the  s e n s i t i v i t y  changes a s  t h e  r e c i p r o c a l  of 
t h e  cube of the  l eng th .  For example, ha lv ing  t h e  l eng th  decreases  
the  s e n s i t i v i t y  by a f a c t o r  of 1/8. Therefore ,  reducing t h e  s i z e  
of t h e  magnet t o  i n c r e a s e  t h e  second o rde r  break frequency i s  
done a t  a g r e a t  s a c r i f i c e  i n  s e n s i t i v i t y ,  

A t  t h i s  p o i n t  it i s  a p p r o p r i a t e  t o  p o i n t  o u t  t h a t  t h e  approach 
app l i ed  t o  t h e  design of t he  f l u i d i c  magnetometer could be adopted 
t o  an e n t i r e l y  e lectro-mechanical  magnetometer, Rather than us ing  
pneumatics t o  develop n u l l i n g  to rques ,  a torque  motor o r  s i m i l a r  
e lectro-mechanical  device  would be used t o  produce them. Lead 
compensation would be provided by us ing  an e l e c t r o n i c  o p e r a t i o n a l  
a m p l i f i e r .  Addi t iona l  compensation such as a l a g  network t o  provide 
h ighe r  l o w  f requency ga in  could be implemented more e a s i l y  w i t h  
e l e c t r o n i c  i n s t e a d  of f l u i d i c  components. 

4 . 2  Roll P o s i t i o n  Closed LOOP Performance 

The r o l l - p o s i t i o n  c o n t r o l  loop c o n s i s t s  of a f l u i d i c  p ropor t iona l  
t h r u s t e r  (FPT) f o r  provid ing  t h r u s t ,  a r o l l  moment-arm, t h e  
Aerobee 1 5 0  moment of i n e r t i a ,  t h e  f l u i d i c  magnetometer (d iscussed  
i n  t h e  previous s e c t i o n )  and f l u i d i c  compensation t o  provide loop 
s t a b i l i t y .  The arranqement of t h e s e  components i n  t h e  c o n t r o l  loop 
i s  shown i n  Figure 6 .  The FPT and Aerobee 1 5 0  t r a n s f e r  func t ions  
a r e  nominal va lues .  The magnetometer t r a n s f e r  func t ion  i s  t h a t  of 
equat ion  ( 1 6 )  and a p p l i e s  f o r  t h e  cond i t ion  of cos$s inn= 0 .5 .  

The f l u i d i c  c i r c u i t  schematic f o r  t h e  r o l l  p o s i t i o n  compensation 
i s  shown i n  Figure 14. A s t anda rd  f l u i d i c  ope ra t iona l - ampl i f i e r  i s  
used t o  provide t h e  lead- lag  c h a r a c t e r i s t i c s ,  This a m p l i f i e r  is . 
followed by t w o  p ropor t iona l  a m p l i f i e r s  which provide the-  a d d i t i o n a l  
ga in  r equ i r ed  i n  t h e  loop and provide t h e  power output  t o  p o s i t i o n  
%he f lapper -nozz le  a t  t h e  FPT inpu t .  
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The t o t a l  number of p r o p o r t i o n a l  a m p l i f i e r s  r e q u i r e d  i n  t h e  
p o s i t i o n  c o n t r o l  i s  f i v e  ( i - e .  t w o  f o r  r o l l  compensation p l u s  t h r e e  
f o r  t h e  magnetometer). I n  a d d i t i o n ,  one o p e r a t i o n a l  a m p l i f i e r  i s  
r equ i r ed  f o r  t h e  r o l l  compensation. The e s t ima ted  a i r  flow 
requ i r ed  by t h e  f i v e  p r o p o r t i o n a l  and one o p e r a t i o n a l  a m p l i f i e r  i s  
7 x l o 4  lbm/sec. The power consumption (wi th  a i r )  i s  26.8 w a t t s .  
I f  Freon 1 4  i s  t h e  o p e r a t i n g  f l u i d ,  t h e  flow and power requirements  
are 12.3 x l o 4  lbm/sec and 15,2 w a t t s  r e s p e c t i v e l y .  

The t o t a l  m a s s  of Freon 1 4  r e q u i r e d  f o r  a t y p i c a l  300 second p o s i t i o n  
c o n t r o l  i s :  

W = 12.3 x l G 4  - lbm 
see 

x 300 sec = . 37  lbm 

This i s  t h e  mass of gas r e q u i r e d  t o  d r i v e  a l l  t h e  f l u i d i c  e lements  
( inc lud ing  t h e  magnetometer) i n  t h e  r o l l  p o s i t i o n  loop. Assuming, 
as i n  Sec t ion  2 . 0 ,  t h a t  5.8 lbm of Freon i s  d i sposab le  du r inq  t h e  
e n t i r e  mis s ion ,  t hen  .37/5.8 = 6 . 4 %  of  t h e  usab le  Freon i s  r e q u i r e d  
f o r  r o l l  p o s i t i o n  c o n t r o l .  

The r o l l  s i g n a l  p rocess ing  Freon gas requirement  can be summarized 
as fo l lows .  

1. Despin (Sec t ion  2 . 0 )  0 . 0 6 4  l b m  

2 .  Coarse and In t e rmed ia t e  
(Sec t ion  3 . 0 )  

3. F ine  (Sec t ion  4 . 0 )  

0.32 lbm 
0.37 lbm 

T o t a l  0.754 lbm 

The t o t a l  of 0.754 lbm r e p r e s e n t s  13% of  t h e  a v a i l a b l e  5.8 lbm o f  
Freon 1 4 .  The Freon r e q u i r e d  i n  t h e  computing networks could be  
c o l l e c t e d  and used i n  t h e  r e a c t i o n  c o n t r o l  system i f  d e s i r e d .  

The f l u i d i c  compensation c o n s i s t s  of g a i n  and a l e a d  network. The 
ga in  i s  about  t h e  maximum va lue  t y p i c a l l y  implemented w i t h  f l u i d i c s .  
The va lue  a lso i s  about  as h igh  as can be t o l e r a t e d  by t h e  loop 
be fo re  becoming u n s t a b l e .  
compensation needed t o  s t a b i l i z e  t h e  loop i n  t h e  frequency r eg ion  
around t h e  magnetometer second-order l e a d .  The l a g  i n  t h e  FPT i s  
e s s e n t i a l  t o  t h e  c losed  loop s t a b i l i t y .  I f  t h e  FPT l a g  occurs  a t  
a h ighe r  f requency,  a l a g  network should  be added t o  t h e  compensa- 
t i o n  t o  i n s u r e  closed-loop s t a b i l i t y .  

The l e a d  network provides  t h e  necessary  

. 
I 

The r o l l - p o s i t i o n  closed-loop t r a n s f e r  f u n c t i o n  w a s  computed f o r  
t h r e e  s p a t i a l  o r i e n t a t i o n s  ( i - e -  v a l u e s  of  c o s @ s i n q ) ,  The r e s u l t s  
are : 
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For cos4sinq = 1.0 (e.g. 4 = 0 deg; = 90 deg) 

+22 e 5 deg 
psid 

s2 2 2(.211)S + 

+ 5 . 4 3  (5 e 4 3 )  

For cos4sinrl = 0.5 (e.g. 4 = 45 deg; q = 4 5  deg) 

+45 
2(.266)S + S2 

wxs 
QC 

+ 2.91 (2,91)2 

For cos4sinq = 0.0301 (e,g. 4 = 80 deg; q = 10 deg) 

deg (21) 
psid 8 4  & +746 - 

-2 (.334) S S2 
4 469 + ,m2 (1 + .. '0 2(.014)S + s2 2) (1 8%! 

It is important to note that the transfer functions in (19) and 
( 2 0 )  are stable, but in (21) it is unstable. Since the magnetometer 
can be oriented to a desired position before a mission, it is 
possible to position it so the commanded angle corresponds to 4 = 0.  
This alone eliminates many of the possible unstable conditions. 
Also, missions usually are not attempted for rl = 10 degrees which 
eliminates still more unstable conditions. Thus unstable situations 
corresponding to Eq. 21 are not expected to be encountered. A 
reasonable nominal orientation has a transfer function given by 
(19) or (20) both of which are stable, The responses of (19) and 
(20) to a step command of five degrees are shown in Figure 15 In 
both cases (Figure 15 the response to the step command is 
accompanied by ringing which is reasonably damped after five 
seconds. The ringing can be reduced by the addition of 
compensation to provide more phase margin in the vicinity of the 
open loop crossover frequency, but at the expense of increased 
implementation complexity, 
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Fig. 1 5  Roll  Position Control Step Response. 

32 



APPENDIX I-NOMENCLATURE 

Ac - c o n t r o l  a r ea  on magnet 

B - f l u x  d e n s i t y  i n  t h e  magnet 

dm - diameter  of magnet 

H - e a r t h ' s  magnetic f i e l d  

- magnetometer bar moment of i n e r t i a  I m  
K - j e t  p ipe  ga in  

Km - magnetic s p r i n g  cons t an t  

Kr - f l e x p i v o t  s p r i n g  cons t an t  

K1 - a m p l i f i e r  ga in  

Lc - d i s t a n c e  from p i v o t  t o  c o n t r o l  p o r t s  around the  magnet 

- magnet l eng th  Lm 
M - pole  s t r e n g t h  

j 

- mass of magnet Mm 
n - r a t i o  of l a g  t o  l ead  break f requencies  i n  lead network 

P - pres su re  

Q - volume flow 

R - gas cons t an t  

T - temperature  

W - weight  flow 

c$ - r o l l  angle  

+m 

@r 
T 

- angular  displacement  of magnet t o  e a r t h ' s  magnetic f i e l d  

- r e l a t i v e  angular  displacement  of magnet t o  t h e  frame 

- to rque  on t h e  magnet caused by i n t e r a c t i o n  of t h e  ear th 's  
magnet f i e l d  w i t h  t h e  poles  of t h e  magnet 

w - l ead  break frequency 



APPENDIX I1 - LOGIC FOR INTERFACING WITH PRESENT SPARCS 

The l o g i c  shown i n  F igure  I would be employed t o  i n t e r f a c e  t h e  
f l u i d i c  r o l l  c o n t r o l  loops w i t h  t h e  p r e s e n t  SPARCS. For  t h e  pur- 
pose of exp lana t ion  t h e  e l e c t r i c a l  s i g n a l  l e v e l s  w i l l  be assumed 
t o  be one of two leve ls -which  are 0 and 1. Also, a 1 l e v e l  i s  
assumed t o  be capable  of a c t i v a t i n g  a so leno id  and a 0 l e v e l  of 
d e a c t i v a t i n g  a so leno id ,  The fol lowing d e f i n i t i o n  i s  assigned t o  
t h e  s i g n a l s :  

J, s t a r t . m i s s i o n  s igna2  0 mission n o t  s t a r t e d  
1 mission s t a r t e d  

L,  l a t c h i n g  r e l a y  s i g n a l  0 despin complete 
1 despin incomplete  

G ,  f i n e  c o n t r o l  s i g n a l  0 f i n e  c o n t r o l  n o t  i n  progress  
1 f i n e  c o n t r o l  i n  progress  

F ,  i n t e rmed ia t e  c o n t r o l  s i g n a l  0 p i t c h  and yaw e r r o r s  > 1 0  degrees  
1 p i t c h  and yaw e r r o r s  < 1 0  degrees  

The fol lowing t r u t h  t a b l e  shows t h a t  t h e  output  of t h e  AND g a t e  i n  
t h e  despin channel  a c t i v a t e s  t h e  despin channel  so l eno id  only i f  
t h e  mission has s t a r t e d  and despin is  incomplete.  

J L J . L  
0 0 0 )  
0 1 0 ) d e a c t i v a t e  
1 0 0 )  
1 1 1 a c t i v a t e  

A s  t h e  t r u t h  t a b l e  demonstrates ,  t h e  despin channel  so l eno id  i s  
a c t i v a t e d  only when t h e  mission has  s t a r t e d  (J = 1) and despin  i s  
incomplete  (L = 1) e 

The fol lowing t r u t h  t a b l e  shows t h a t  t h e  NOR g a t e  i n  t h e  r o l l  r a t e  
c o n t r o l  channel  w i l l  keep t h a t  channel  a c t i v a t e d  dur ing  coarse  and 
in t e rmed ia t e  c o n t r o l  

- 
L G L+G L+G 
0 0 0 1 a c t i v a t e  
0 1 1 0 )  
1 0 1 0 ) d e a c t i v a t e  
1 1 1 0 )  

T h e  t r u t h  .table shows t h a t  t h e  r o l l  channel  so l eno id  i s  a c t i v a t e d  
only when despin is  complete (L  = 0) and f i n e  c o n t r o l  i s  n o t  i n  
progress  (G = 0). 

Rol l  p o s i t i o n  c o n t r o l  i s  a c t i v a t e d  by t h e  G s w i t c h  t a k i n g  t h e  
a r b i t r a r y  va lue  of 1 which it does a t  t h e  beginning of i n t e r -  ' 
mediate  c o n t r o l ,  The F switch s i g n a l  remains a t  t h i s  va lue  even 
during f i n e  c o n t r o l ,  so no a d d i t i o n a l  process ing  with t h e  G s w i t c h  
s i g n a l  i s  r equ i r ed ,  The l o g i c  provides  overlapping of r o l l  r a t e  
and r o l l - p o s i t i o n  c o n t r o l  during in t e rmed ia t e  c o n t r o l  which i s  
necessary t o  i n s u r e  s u f f i c i e n t  rate damping. 
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The AND g a t e  which processes  t h e  F and (negat ion  of G )  swi tch  
s i g n a l s  i s  used t a  select t h e  a c c e l e r a t i o n  l e v e l  i n  t h e  r o l l  
channel.  It selects, .tthie- high  a c c e l e r a t i o n  level by a c t i v a t i n g  a 
so l eno id  i n  t h e  FPT,which causes  t h e  p re s su re  l e v e l  a t  t h e  r o l l  
nozz les  t o  i n c r e a s e  about  twentyfold over  t h e  p re s su re  a v a i l a b l e  
w i t h  t h e  so l eno id -deac t iva t ed .  The fol lowing t r u t h  t a b l e  provides  
t h e  proof.  

0 0 1 0 ) d e a c t i v a t e  
1 1 0 0 )  

- 1  0 1 1 a c t i v a t e  

The t r u t h  t a b l e  s h o w s - t h a t  t h e  high t h r u s t  level i s  a c t i v a t e d  when 
t h e  p i t c h  and yaw e r r o r s  a r e  less than t e n  degrees  (F = 1) and 
f i n e  c o n t r o l  i s  no t  i n  progress  (G = 0) which i s  t h e  d e s i r e d  
r e s u l t  e 
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APPENDIX 111- LEAD NETWORK 

A lead network has  a gain/frequency c h a r a c t e r i s t i c  as shown i n  
F igure  16 ,  

Gain I 
db 

s l o p e  = 20 db p e r  decade 

Frequency +. 
1 w 2 w 

Figure  -16 
Lead N e t w o r k  Frequency Response 

A s  frequency i n c r e a s e s  t he  g a i n  remains c o n s t a n t  u n t i l  t h e  l e a d  
break frequency,  w l ,  i s  reached.  For i n c r e a s i n g  f r equenc ie s  between 
w 1  and w2 t he  ga in  i n c r e a s e s  a t  t h e  r a t e  of 2 0  db p e r  decade, 
f r equenc ie s  g r e a t e r  than  w 2  t h e  g a i n  i s  w’a in  c o n s t a n t  w i th  i n c r e a s i n g  
frequency. Because t h e  l e a d  occurs  b e f o r e  t h e  l a g  as frequency 
i n c r e a s e s ,  a l a g  network i s  a l s o  c a l l e d  l ead - l ag  compensation, 

For 

I n  t h e  l ead - l ag  compensation i n  F igu re  8 t h e  l o w  frequency y a i n d s  
c o n s t a n t  and depends on t h e  r a t i o  of  R 1  t o  R2.. R l  and R2 are the  
r e s i s t o r s  i n s e r t e d  on e i ther  side of  t h e  c o n t r o l  i n p u t s .  The g a i n  
w i l l  s t a r t  t o  i n c r e a s e  a t  t h e  ra te  of  20 db p e r  decade when t h e  I 

frequency is equa l  t o  w 1  = (R2+Rc) / (R2RcC)  
r e s i s t a n c e  and C i s  t h e  capac i t ance  of  t h e  voluqe i n s e r t e d  on one 
s i d e  of t h e  i n p u t .  The g a i n  i n c r e a s e s  bacause t h e  r e s i s t a n c e  t o  
ground a t  c o n t r o l  p o r t  2 s tarts t o  dec rease  a t  t h e  ra te  of 20  db p e r  

Rc i s  t h e  c o n t r o l  p o r t  
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decade a t  the  frequency w 1 .  A t  c o n t r o l  p o r t  1 t h e  r e s i s t a n c e  t o  
ground i d e a l l y  remains c o n s t a n t  because t h e r e  i s  no volume ( i .e .  
capac i t ance )  i n  t h e  f l u i d i c  c i r c u i t ,  The  g a i n  w i l l  cont inue  t o  
i n c r e a s e  u n t i l  t h e  maximum g a i n  of t h e  p r o p o r t i o n a l  a m p l i f i e r  i s  
reached. The ga in  then  remains c o n s t a n t  fo r  i n c r e a s i n g  frequency.  
The ga in  frequency c h a r a c t e r i s t i c  of t h e  compensation i n  F igure  6 
i s  the  same i n  form as t h a t  i n  F igure  1 4 ,  so  t h e  compensation is a 
l e a d  network (i .e. l ead - l ag  compensation) e 
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